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ARBSTRACT

The Integrated Modeling of Optical Systeins (IMOS) Integration Workbeuch at JPI. has been used to model
the eflects of structural perturbations on the optics inthe proposed Orbiting Stellar Interferometer (0S1). 0S1
consists of 3 pairs of interferometers and delay lines attached to a 7.5 meter truss. Thiey are interferometrically
monitored from a scparate boom by a laser mctrology system. The spatially distributed nature of the science
instrument cals for a highlevel of integration between the optics and support strut.turc. Because OSI is designed
to achieve micro- arcsccond astrometry, many of its aliguinent, stability, and knowledge tolerances are in the sub-
micron regime. The spacecraft will be subject to vibrations caused by reaction wheels and on-board equipment,
as wcll as thernal strain due to solar and terrestrial heating. These perturbations aflect optical paramcters such
as optical path diflerences and beam co parallelisn which are critical to instrument perforinance. IMOS provides
ancnvironinent that allows one to design and perturb the structure,attacho pticstostructuralor 110]1-structural
nodes, trace rays, and analyze the impact of mechanical perturbations on optical perforinance. This toed makes
it siinple to change the structure and irmmnediately see performance enhancemenit/degradation. We i ave einployed
IMOS to analyze the eflect of reaction wheel disturbances on the optical path diflerence in both the science and
metrology interferorneters.

1 INTRODUCTION

The Orbiting Stellar Interferometer (OSI) has been proposed as a space-based instrument that can obtain micro
arcsecond (5 X 10717 radian) astrometric precision (1]. This instrument Will accomplish a large number of science
objectives including improved knowledge of distance to Cephied variables, finding extra- solar plancts, and the
dynamicsof globular clusters. Additionally, the instrument is capable of forimning immages with 3 times the resolution
of the Hubble Space Telescope.

OS1 consists of 6 siderostats that form 3 pairs of optical interferomcters, plus a seventh siderostat that acts as
aspare. The spacecraft is composed of two booms: the siderostat boom contaius al the long-bascline optics ant]
al flight systems; the metrology boom supports an external metrology system that monitors relative inotions of
the siderostats. Iigure 1 shows a diagram of the main optical components configured in the spacecraft.

OS1 mneasures the angular distance between stars by adjusting the positions of delay lines until white light
fringes are observed in cach 0f3 baselines. The position of the delay lines relative to the other optics is monitored
by internal inetrology laser beamns (not shown in Figure 1) that follow the optical path of the starlight through
the interferometers before retroreflecting from corner cubes mounted on the siderostats. Fxternal metrology beamns
originating from the metrology triangle monitor the positions in 3-space of the siderostats fromn th ¢ samne corner
cubes shared by the internal metrology beams. The external metrology beamns determine the relative orientation
and length of the basclines, while the internal metrology beaimns monitor optical path differer ices hetween the two
arms of the interferometer.

T'wo siderostat pairs observe bright reference sources while the third pair observes the science object. The two
reference siderostats provide high precision attitude knowledge for rotation aboutthe Y and?7 axes, while a star
tracker indicates the less critical roll about the X axis (Fig. 1). Attitude knowledge determined from the reference
basel ines, combined with the internal and external mictiology signals, allows an absolute determination of the angle
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Figure 1: The Orbiting Stellar Interferometer. This diagram shows most of the key optical comnponents for two
siderostat/bean-combiner trains.

between the two reference stars and the science object. For astrometry, this fixes the position of a star along a line;
the other dimnension is determined by rotating the spacecraft and repeating the measurement.

T'o achieve micro-arcsecond Jorecision, both starlight an d internal and external mectrology optical paths must be
measured a sub-nanometer levels. This requires an understanding of how the mechanical disturbances propagate
through the structure and perturb the optical beains at the bean combiners. To accomplish this we usc a new
tool, the Integrated Modeling of Optical Systems (IMOS) workbench [2,3,4], IMOS is a set of structural, optical,
and thermal modeling tools that all function in a single Pro-Matlab [5] based envirommnent.

“I'he IMOS structural model is based on beams, 10ds, plates and masses that arc all connected to a set of
grid-points. Functions exist for asseinbling the mass and stiflness matricies, converting a dynawmics 0or modal
model to state-sl)ac.c form, and performing a Guyan reduction of the model. The optics module is based on the
Controlled Optics Modeling Package (COMP) [G]. COMP is asct of stand-alone and subroutine-based computer
tools for p erforining large ray traces, near and far-field diffraction comnputations, and linear differential ray-traces.
As described in section 3, the sensitivity matrix derived fromnthe diflerential ray-traces provides a direct link
of the optics model to the structure. The thermal module inIM OS is based on the Thermal Radiation Analysis
Systein (TRASYS) and the Systems Integrated Numerical Differencing Analyzer (SINDA) prograt ns. In it’s current
nmpleinentation, IMOS is used to compute input files for SINDA and TRASYS. These prograins arc executed outside
the Pro- Matlab environment, and produce thermal force inputs that arc used by IMOS to compute thermal loads.
In future versions, the thermal module will be more highly integrated to the optics and mechanics p ortions of the
codc! .

2 [)S1 STRUCTURE AND OI'T'ICS

21 Structure

TheIMOS structural model of OS] consists of 139 aluminumn beains, each about 1 m long, and 35 plates, each about
1 w?, connected as shown in Figure 2. Additionally, there arc 39 point masses distributed along the structure, each
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Figure 20 The IMOS structural model of 0S1. Plates covering the siderostat boomn add stifiness and distribute
thermal loads. Holes in the plates that allow starlight to enter the interferometer are not shown.

connected by a tripodtothe three closest grid points. These masses represent the optics and key system components
such as power systeins, reaction wheels, etc. Somecomponents, such as the siderostat, primary, sccondary, and
fast-steering mirror of a siderostat bay, arc hnnped into one mnass. The total mass of the spacecraft is 1658 Kg, of
which 1475 Kg is non-structural.

The structure is divided into the siderostat boom and metrology boot-n. After launch, the metrology boom
and metrology triangle arc deployed into the position shown inFigures 1 and 2. In the IMOS model, hinges arc
assuined to be rigid after deployment. in addition, the support, beains between the siderostat boommand the end of
the metrology boom are also assumed to be rigid after deployment.

All grid points associated with a beam elcinent (having axial, torsional, and 2 transverse bending stiffnesscs)
have 6 degrees of freedom. Grid points associated with masses (which arc points and therefore have no rotational
inertia terms) have only translational degrees of frecdom. In total, the model has 441 degrees of freedemn. We
note that the computational time for constructing the mass and stiflness matricies and determining the structural
modes is about 20 minutes on a Sun SPARC 2 workstation.

2,2 Optics

The dotted lines in Figurel show the optical path followed by starlight. in each of 2 optical trains, the light first
reflects ofl of a sidcrostat, then is compressed from a 33 cin beamn 1o 2.5 ¢m. After passing through the center of
the comnpressor primary, a fast-steering mirror directs the light to a bank of mirrors that select one of 8 delay lines.
These mirrors direct the light across the siderostat boomn to a secondset of articulating mirrors that arc pointed
between a siderostat and beam combiner. This alows any siderostat to usc any delay line. After retroreflecting in
the delay line, which is composed of a parabola and flat sccondary, the light then enters the beam combiners where
it is interfered at a bcaln-splitter with light from another siderostat.

A full optical preseription was designed for two optical trains following light from siderostats1 and 7 (at opposite
ends of the siderostat boorn, as seen in Figure 1 ). Along with the usual optical prescription data, the COMP model
includes a rotation/translation point for each clement. In our case, we take this point to be tied to the closest
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struct ural grid point, so that inotions of the optical eleinents arc related by an imaginary lever arm tied to their
respective grid points. When the structure is perturbed, mnotions of the optics arc tied to these grid points via the
optical sengtivity matrix.

in the COMP environment, a diflerential ray trace is perforined. This ray trace determinesthe sensitivity of
a ray to motion of the clements. The resulting matrix, called Cope has 7R X 6N elements, where N is the number
of optical elemenits in the beamn train, and R is the number of rays traced. Sincewe arc only interested in OPD
fluctuations andbeamn deviations, just the chief ray is used in our simulations. For the current 0S1 model, N= 10.
The 7 rows are for ray direction perturbation (3 rows), ray transverse aberration (3 rows), and ray optical path
diflerence (1 row), Each element can be perturbed in 6 degrees of frecdom, thus the matrix is 7 x 6N.

A scparate sengitivity mnatrix is computed for each opticaltrain. Thematricies arc then exported from COMP
to the IMOS environment.

3 OPTICAL/STRUCTURAL INTEGRATION

IMOS assembles the structure into amass matrix M and stiffness matrix K. The Pro-Matlab function “eig” is
then used tofind the eigenvectors and eigenvalues of M-1 K. The eigenvectors are mode shapes and eigenvalues
arc squared modalfrequencies. Modal vectors arc thennormalized to unity modal inass. With this normalization,
the equation of motion for the structure can be written

:, Oarm Inm . Onti .,
= d 1
i whty —2warm ]T i [ (Pari) }u (1)

e 1]
J

andij isthe modal state vector, representing the amplitude of each of the M modes. Subscripts represent the size of
the sub-matricics. O is a matrix of zeros, and 1is theidentity matrix. w is a diagona matrix of modal frequencies,
while ¢ is the diagonal modal damping matrix. @ is the force input vector; it's ¢ elements are the degrees of freedom
where forces are to beapplied to the structure. @ isan array whose M col umns are each a mode shape and whose ¢
rows arc mode displacements for the degrees of freedom specified by @. @ is a subset of the full nodeshape matrix.
Note that ¢!, the transpose of @ is used here.

where

The equations of motion are combined with the ineasurement equation
Y= [Qermr Ocm] ()
where @ is again a subset of the full modeshape matrix. It's ¢ rows represent the degrees of freedom that are to be
analyzed. ¥ach element of § is the motion of a specific degree of freedomn (1)01).
Fquations (1) and (2) arc combined in the general first-order state-space forin given by
& = AZA4 Bi (3)
vy = C¥ (4)
where the definitions of A, B,and C can be inferred from the collations. Once in state-space form, the system

can then be exercised by standard MATLAB functions “lsiin” for linear timne simulations and “bode” for trausfer
function analysis.

Optics arc integrated into this system by modifying the measurement equation (eq. 4). The C matrix converts
modal amplitudes to DOF motions, while the optical sensitivity matrix, Copt, converts DOI inotions to optical ray
perturbations. By selecting in C the same DOV subset specified in Cope, @ NcW measurement equation is formed
whiere the outpuls § arc the optics] perturbations desired in the analysis:

37 = "optcvir = C‘net; . (5)
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Figure3: HS'T' reaction wheel harmonics for a wheel speed of 455 rpm. For the reaction wheel implemented in our
0S1 study, torsional moments arc applied about the z-axis, axial forces are along the z-axis, and radial forces are
in the x-y plane.

Note that § can still include non-optical terms as well. Rows can aways be added to the Cy ¢ matrix that
convert & to a desired measuremnent. In the present case, angularinotions of the metrology boom relative to the
end of the siderostat boom were also included in the measurement equation.

As noted above, C,,: is computed for the optical train of each interferometer arin. Since we arc interested only
in the optical pathdifferences and relative angular deviations between the beams that reach the beam combiner,
we subtract the two C,pymatricies from one another so that the measurement equation is actually

§ = (Copt 1 - Copt2)CF = Cpur (6)
4 REACTION WHIEEL MODEL

0S1 currently uses the Honeywell HR195 reaction wheel as part of its attitude control system. This is the same
whecl that is being used in the Hubble Space Telescope. This wheel has a maximum angular momentumn of 264
Nms, output torque of 0.7 N, and maximum speed of 3000 rpm. OS] has a slew requirement of 114° in 20 minutes.
(This is based upon orbital parameters, sun/earth view restrictions, and minimum integration time/orbit.) For
a bang-bang controller employing the HST reaction wheel, the reaction wheel achieves the required slew rate by
spinning Up to 455 rpm in 10 minutes.

The HST reaction wheels have undergone thorough vibrational tests [7]. ‘T'hey exhibit radial, axial, and torsiona
forces, each with several harmonics of the rotational speed. Figure 3 shows a plot of these forces for a wheel speed
of 455 rpm. The forces for a given harmonic al increase quadratically with wheel speed.

We have modcled a single reaction wheel that is attached to the structural grid point that is closest to the
spacecraft’s center of mass. The reaction wheel is assumed to be located exactly at that grid point, and is attached
either rigidly or via a clamping mecchanism. The wheel spins shout the z-axis, so that the axial forces are applied

along, z, the torsional moments arc about the z-axis, and radial forces arc in the. x-y plane.

The isolator is based on a design by Davis [8]. It is a second order damper with break frequency at 4 Hz.
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Figure 4: Normalized Hankel singular values for three different cost functions. Modes beyond 300 arc would
indistinguishable from zero on this plot.

Further det ails arc given by Melody [9]. T'he imnplementation of the isolator assuwines that there is no dynamic
interaction Let ween th ¢ isolator and the structure. This may not be a good assumption since the lowest modes of
the structure resonate at 5-10112.

5 MODELING

5.1 Hankel Singular Values

The free-free model has 441 degrees of frecdom and therefore generates 441 modes. It is desirable to reduce the
actunal nuinber of modes used in the modeling by eliminating those modes that contribute little to the metrics of
interest. To accomplish this, we evaluate the Hankel singular values (HSV) for each mode and for each desired
output. Hankel singular values are essentially a product of a mode's output contribution and controlability, weighted
by the mode’s eigenvalue (frequency?). Output contributions arc comnputed by multiplying the optical sensitivity
matrix (or other suitable matrix, depending on the desired output) by the modes of the system. Controlability is
computed by multiplying the transpose of the mmodematrix by an array with degrees of freedom set according to
the force inputs. in our case, these are the degrees of freedom associated with the grid point where the reaction
wheclis attached. A mathematical description of this process is given by Melody [9].

Figure 4 shows the normalized ISVs for al 441 modes for three cases. OPI) between the two siderostat trains,
relative angular deviations between the beains, and angular changes of the tip of the metrology boom with respect
to the tip of the siderostat boom. The OPD and angular deviation symbols show that low order modes contribute
little to siderostat errors. This is because the lower modes arc mainly flexures of the metrology troom. The triangles
in Fig. 4 verify this. These plots indicate which modes should be targeted for damping using passive or active
struts.

We have parcel down the number of modes from 441 to 158 by keeping only those modes that have. ISVs >0.1
in any of the three output functions. This results in a mode distribution that covers the frequency range from 5
Hz (the first non-rigid body mode) to 639 Hz (mode 250), plus the 6 rigid body modes.
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5.2 Frequency Domain Modeling,

Our modeling takes place in the frequency domain. The transfer function of the systemn is computed for each of
the 4 input, forces using Pro-Matlab function “Bode.“ The 4 forces are radia reaction wheel harmonics in x and y
(2), axial harmonicsinZ (I), and torsional moments aroundthez axis (1). FKach cal to Bode results in 7 transfer
functions: 3 optical bearmn angular deviations, one OPD), and three angular deviations of the tip of the metrology
triangle with respect to the end of the siderostat boom. "Iransfer functions arc evaluated in 1 Hz steps bet weenl
Hz and 1 kHz.

W c then choose a wheel speed and determine its harmonics. The Bode plots arc interpolated at the reaction
wheel harmoni s, and the interpolated Bode amplitudes are multiplied by the reaction wheel forces. The results
arc thenadded in quadrature for each of the 7 outputs.

Outputs1-3 are combined in quadrature to yield ther.an.s. angular deviations between thebeams in the beamn
combiner. Qutputs 5-'7 are similarly comnbined to yield r.in.s. angular motion of the metrology boormn.The angular
deviations are multiplied by the nomina vector joining the tip of the metrology boom the the end of the siderostat
boom. Qutput 4 is the r.in.s. OPD between the siderostat trains.

6 RESULTS

6.1 Non-isolated Reaction Whecl

Figure 5 (left column)shows results for the three outputs when the reaction wheel is directly coupled to the
structure without any isolation. Nominal wheel speeds of & 200 rpm can be expected. (The bias is used to prevent
the wheel fromn ever reversing direction when gravity gradients become large. ) Figure 5b shows the visibility loss
due to angular deviations. The visibility loss is given approximnately by

V=- |sinc(2 * w404 * d/A)|, 0

where og is the r.in.s. angular deviation, d is beamn diameter, and A is the wavelength (taken as 0.55 pin). Figures
5 (top andniddle) show that at wheel speeds greater than 600 rpm, the undamped reaction wheel induces optical
errors that exceed alowable tolerances.

6.2 Jsolated Reaction Wheel

Figure 5 (right column) shows the results when the isolator described in section 4 is used to couple the reaction
wheel to the structure. For O’ and beam angular fluctuations, the isolator has little effect for wheel speeds below
400 rpm. “his is because low order (low frequency) modes do not affect these terms; only higher wheel harmonics at
these low speeds induce optica errors. At higher wheel speeds, the isolator reduces the maximum OPD error from
75 rim at to about 3 nm. Visihility loss due to rins angular deviations is rendered essentialy negligible. Metrology
beam walkofl, which is sensitive to low order modes (flexures of the metrology booin), is greatly improved above
100 rpmn.

7 CONCLUSION

Unlike previous models of an orbiting interferometer [10], in which the optical and structural models were contained
in separate environments,the IMOS model provides a means of directly analyzing optical performance in the
presence of structural perturbations. The perturbations may be either mechanical or thermal in nature.

Ihd-users of IMOS must have some familiarity with finite element modeling. Armed with the basics of
linear algebra and a few fundamentals of mechanical structures, IMOS allows the engineer to understand opti-
cal/mcchanical/thermal interactions without the constraints imposed by stand-alone solutions suchas NASTRAN,
SINDA/TRASYS, CODYE, V, or COMP. More importantly, with the IM OS workbench, the subsystems can be
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Figure 5: Reaction wheel vibration results. Left column is for a non-isolated reaction wheel. Right column uses
the isolator described in section 4. Top: RMSOPD between optical trains from siderostats 1 and 7. Middle: RMS
visibility loss clue to relative angular deviations between the beams as they are combined on the detector. Bottom:

Walkofl of anetrology laser beam on acorner cube located on siderostat 7.




redesigned or modified allowing imrmediate understanding of the irnpact on other subsystems as well as overall
system performance.

The results presented in this paper represent only the beginnings of our OSlstudy. Wc arc currently imple-
menting the thermalmodule. Earth/Sun heating in a realistic orbital scenario will cause the structure to deform.
In the thermal problem, which is dow but potentialy of large amplitude, wc arc concerned that deforination may
cause large misalignments that excecdthe limitations of guiding optics.

The structural work is also progressing. Wc have identified which modes arc most costly interms of 01'1) and
visibility loss. This alows us to target particular parts of the structure for passive or active darnpers. Wc arc aso
inverting the reaction wheel problem; given optical tolerances, wc can set tolerances on the allowable structural
perturbations. This could potentially lead to a cost savings if less expensive (but noisier) reaction wheels arc found
to becapable of meeting the slew requirements.

8 ACKNOWLED G EMENTS

Wc arc pleased to acknowledge the assistance of J. Meody, who provided the reaction wheel and isolator models,
as well as numerous other useful subroutines. Wc would like to thank J. Melody, .. Needles, W. Ledeboer, M.
Milliman, R. Norton, and 1'. Baiocco for numerous technical discussions. 1.. Tenncreated the first structural models
of 0S1. The Jet Propulsion Laboratory is operated by the California Institute of Technology, under contract with
the National Aeronautics and Space Administration.

References
[1] M.M.Colavila, M. Shao, and M.D. Rayman, “0SL: Orbiting Stellar Interferometer for Astrometry and Imag-
ing,”’ Appl. Opt, in press.

[2] H.C.Briggs, |,. Needels, and B.M. Levine, “Integrated Modeling of Advanced Optical Systems,” Proc. of the
5th NASA/DOD Control/Structure Interaction Technology Conference (Lake Tahoe, March 1992).

[3] H.C.Briggs, “An Integrated Structure/Optics/Control Modeling and Analysis Software Breadboard,” |'roe,
of the 4th NASA/DOD Control/Structure interaction Technology Conference (Orlando, Nov. 1990).

{4] 11 .C.Briggs and L. Needels, “Integrated Multidisciplinary Anaysis of Segmented Reflector Telescopes,” Proc.
SPIE Vol 1696 (Orlando, April 1992).

[5] Pro-Matlab is available from The MathWorks, Inc., Natick, Mass.

(6] D. Redding and W. Breckinridge, “Optical Modeling for Dynamics and Control Andysis” J .G.C.D, Vol 14,
p. 1021, 1991.

[7 M.D.Hasha, “Reaction Wheel Mechanical Noise Variations,” Space Telescope Program Enginecring Memo-
randum SSS 218, Lockheed Missile and Space Center (30 June 1986).

[8] D.Cunningham, I'. Davis, and F. Schmidt, “A Multi-axis isolation System for the French Farth Observation
Satellite’s Magnetic Bearing Reaction Wheel,” Proc. ADPA/ATAA/ASME /SPIE;, Conf. on Active Materias
and Adaptive Strut.turcs (Alexadria, Va, Nov. 1991).

[9 J Melody and H.C.Briggs, ‘‘Analysis of Structural and Optical Interactions of the I'recision Optical Interfer-
ometer in Space (POINTS),” Proc. SPIE Conference on Spaceborne Interferometry Vol. 1947 (Orlando, April,
1993).

[10] R. Liaskin, cd., “Focus Mission Interferometer ‘Business-As- Usual’ Design Document ,“ Jet |'repulsion Labo-
ratory Document 1)-6916 (Pasadena, Ca, Ott. 1989).

1



